
Y i '  

( N A S A - C k - 1 5 7 8 8 1 )  E F F E C T S  OF I G N I T E R  AND N 7 3 ,  '4039 
P ~ T O R  CHARACTERISTICS ON T H E  IGNITION 
T R A N S I E N T  O F  A SOLID R O C K E T  E N G I N E :  
C O H P U T E R  P R E D I C T I O N S  AND T E S T  F I R I N G S  
(Princeton Univ,, N, J,) 2 2  p 

Unclas 
00120 35364 

P R I N C E T O N  U N I V E R S I T Y  
DEPARTMENT OF 

AEROSPACE AND MECHANICAL SCIENCES 
A c 



EFFECTS OF IGNITER AND MOTOR CHARACTERISTICS 
ON THE I G N I T I O N  TRANSIENT OF A SOLID ROCKET 
ENGINE : COMPUTER PREDICT IONS & TEST FIRINGS 

qe rospace  & Mechanical Sc iences  Report  No. 809 

J. Most, L. Linden, G. F. d i  Lauro,  L. A. Lukenas, . W. MacDonald, P.  L. S tang  and M. Summerfield 

October 1967 

T h i s  researc.. w a s  sponsored by t h e  O f f i c e  of ,,dvanced Research 
and Technology, Nat iona l  Aeronaut ics  and Space Admin i s t r a t ion ,  
under  Research Grant  N s G  200-60, Supplement No. 5. 

Transmit ted by 

P r i n c i p a l  I n v e s t i g a t o r  

T h i s  r e p o r t  i s  a p r e p r i n t  of a paper  presented  a t  t h e  Four th  ICRPG 
Combustion Conference,  Menlo Park,  C a l i f o r n i a ,  October 9-11, 1967. 
It is  scheduled t o  appear  i n  t h e  Proceedings of t h a t  Co:Iference, 
which w i l l  be d i s t r i b u t e d  on t h e  CPIA ma i l ing  l i s t .  Add i t iona l  
c o p i e s  of t h i s  p r e p r i n t  a r e  ob ta inab le  from Pr ince ton  Un ive r s i ty .  

Guggenheim Labora to r i e s  f o r  t h e  Aerospace Propuls ion  Sc iences  
Department of Aerospace & Mechanical Sc iences  

PRINCETON UN IVERS ITY 
Pr ince ton ,  New Je r sey  



SPONSORSHIP 

a 

This  r e s e a r c h  was sponsored by t h e  O f f i c e  of Advanced Research 
and Technology, Nat iona l  Aeronaut ics  and Space Admin i s t r a t ion  under 
Research Grant  N s G  200-60, Supplement No. 5. The Program Manager 
f o r  t h i s  program w a s  M r .  Robert  W. Z i e m ,  Ch ie f ,  S o l i d  P r o p e l l a n t  Tech- 
nology,  O f f i c e  of Advanced Research and Technology. The Technica l  
Manager f o r  t h i s  program was M r .  Warren L. Dowler, S o l i d  P r o p e l l a n t  
Engineer ing  S e c t i o n ,  J e t  Propuls ion  Laboratory.  The Con t rac t ing  O f f i -  
cer f o r  t h e  program w a s  M r .  T. L. K. Smull ,  O f f i c e  of Grants  and R e -  
s e a r c h  c o n t r a c t s .  

0 

ii 



TABLE OF CONTENTS 

. 

Title Page 

Sponsorship 

Table of Contents . 

List of Tables 

List of Figures 

Abs tr act 

I, Introduction: Theoretical Model 

11. Verification of Model: 2-D Motor Firings 
Compared with Computer Predictions 

111. Application of Prediction Method to 
Practical Motor Configurations 

IV. Parametric Computer Study of Ignition System Design 

V. Conclusions; Problems for Future Work 

Acknowledgement 

References 

Tables 

Figures 

iii 

Page 

i 

ii 

iii 

iv 

V 

vi 

1 

1 



I 
Table  I: I g n i t i o n  T r a n s i e n t  F i r i n g  Experiments 

Tab le  11: Table  of Symbols of I l l u s t r a t i o n s  

I 

i 
. 
. 

t 

Page 

7 

8 

iv 



LIST OF FIGURES 

I 

1. Schematic Drawing of Experimental Rocket Motor 
and Experimental  Heat T rans fe r  C o r r e l a t i o n s  

2. S e r i e s  A - E f f e c t  of Varying Exhaust Nozzle Area 

3. T y p i c a l  Good Agreement Between Theory and Experiment 

4. Typica l  Greatest Lack of Agreement Between Theory 
and Experiment 

5. S e r i e s  B - E f f e c t  of Varying I g n i t e r  Dura t ion  

6. S e r i e s  C - E f f e c t  of Varying I g n i t e r  Flow Rate 
With T o t a l  I g n i t e r  Mass Constant 

7 .  Comparison of Theory and Experiment f o r  a 
Typ ica l  S t a r  Gra in  Rocket Motor 

8.  A Typ ica l  T h e o r e t i c a l  P r e d i c t i o n  

9. T h e o r e t i c a l l y  P r e d i c t e d  E f f e c t  of 
Varying I g n i t e r  Flow Rate 

10. T h e o r e t i c a l l y  P r e d i c t e d  E f f e c t  of Varying P o r t  Area 

11. T h e o r e t i c a l l y  P r e d i c t e d  E f f e c t  of Varying Exhaust 
Nozzle Area 

12. T h e o r e t i c a l l y  P r e d i c t e d  E f f e c t  of Varying I g n i t e r  Dura t ion  

13. T h e o r e t i c a l l y  P r e d i c t e d  E f f e c t  of Varying I g n i t e r  Flow Rate  
With T o t a l  I g n i t e r  Mass Constant 

14. T h e o r e t i c a l l y  P r e d i c t e d  E f f e c t  of F r a n g i b l e  P a r t i a l  
Nozzle C losu res  

V 

9 

9 

10 

10 

11 

11 

12 

12 

13 

13 

14 

14 

15 

15 



ABSTRACT 

a 

The r e s e a r c h  r e p o r t e d  i n  t h i s  paper i s  aimed a t  t h e  development o f  
a method of p r e d i c t i n g  t h e  t h r u s t - t i m e  curve  d u r i n g  t h e  i g n i t i o n  t r a n s i -  
e n t  of a s o l i d  p r o p e l l a n t  rocke t  engine.  The unde r ly ing  theo ry ,  which 
h a s  been r e p o r t e d  i n  prev ious  p u b l i c a t i o n s ,  comprises a t r ea tmen t  of t h e  
t h r e e  impor tan t  phases of t h e  i g n i t i o n  t r a n s i e n t ,  namely. t h e  i g n i t i o n  
l a g ,  t h e  flame sp read ing  process  and t h e  f i n a l  chamber f i l l i n g  p rocess .  

Seve ra l  i n d i v i d u a l  p r o j e c t s  a r e  r e p o r t e d  i n  t h i s  paper .  One i s  a 
s y s t e m a t i c  computer s tudy  of the  e f f e c t s  of engine  d e s i g n  variables on 
t h e  r e s u l t i n g  i g n i t i o n  t r a n s i e n t .  The second comprises a ser ies  of 
engine  f i r i n g s  conducted t o  t es t  t h e  v a l i d i t y  of t h e  computer p r e d i c t i o n s ,  
and good agreement i s  r e p o r t e d  f o r  t h e  v a r i o u s  comparisons. A t h i r d  p ro -  
ject  was aimed a t  t e s t i n g  t h e  p r e d i c t i o n  a n a l y s i s  on r o c k e t  engines  w i t h  
p r a c t i c a l  s tar  and c y l i n d e r  g r a i n  geometr ies ,  and h e r e  a g a i n  t h e  compari- 
sons  between computer -predic t ions  and f i r i n g  traces were deemed sa t i s -  
f a c t o r y .  F i n a l l y ,  a b r i e f  progress  r e p o r t  is g iven  on a p r o j e c t  i nvo lv -  
i n g  t h e  i g n i t i o n  t r a n s i e n t  of a s e r v i c e  type  gas g e n e r a t o r  w i t h  a mag- 
nes ium-tef lon  i g n i t e r .  

It a p p e a r s ,  from t h e  r e s u l t s  accomplished s o  f a r ,  t h a t  t h e  computa- 
t i o n  method t h a t  has  been developed i s  g e n e r a l l y  s u c c e s s f u l  f o r  a c e r t a i n  
class of motors i g n i t e d  wi th  pyrogen i g n i t e r s .  F u t u r e  work w i l l  be  con- 
c e n t r a t e d  on ex tend ing  t h e s e  p r i n c i p l e s  t o  o t h e r  classes of r o c k e t  en- 
gines. 

v i  



In t roduc t ion :  T h e o r e t i c a l  Model 

8 

I n  t h e  p a s t  few yea r s  a number of s t u d i e s  have been r e p o r t e d  on t h e  
combustion and gas  dynamic processes  i n  a s o l i d  p r o p e l l a n t  r o c k e t  engine 
du r ing  t h e  i g n i t i o n  t r a n s i e n t .  Research a t t e n t i o n  has  been concen t r a t ed  
on t h e  mechanism of flame spreading over  t he  s u r f a c e  of a s o l i d  p r o p e l l a n t  
g r a i n  and OD t h e  r e l a t e d  processes  of flame i n i t i a t i o n  and gas  dynamic cham- 
b e r  As a r e s u l t  of s e v e r a l  cont inuing  r e sea rch  programs i n  
t h i s  l a b o r a t o r y ,  an a n a l y t i c a l  model has  been developed t o  p r e d i c t  t h e  en- 
t i r e  i g n i t i o n  t r a n s i e n t  f o r  a p a r t i c u l a r  c l a s s  of r o c k e t  engines .  For t h e  
flame spreading  p a r t ,  t he  theory  r e s t s  on the  concept t h a t  i g n i t i o n  of each 
element of s u r f a c e  of t h e  p r o p e l l a n t  g r a i n  occurs  a t  t h e  moment it a t t a i n s  
a c r i t i ca l  i g n i t i o n  temperature  and t h a t  t he  h e a t  caus ing  i g n i t i o n  i s  pro- 
pagated downstream by gas  phase hea t  convect ion and not  by conduct ion through 
t h e  s o l i d ,  which i s  the  u s u a l  mode of flame propagat ion.  The equa t ions  of 
t h e  gas  dynamics of t he  combustion chamber and t h e  burning r a t e  behavior  of 
t h e  p r o p e l l a n t  a r e  w r i t t e n  i n  nondimensional form. The system of equa t ions  

wi th  an empi r i ca l  equat ion  c h a r a c t e r i z i n g  the  measured h e a t  
t he  flowing i g n i t e r  gas  and t h e  p r o p e l l a n t  g r a i n ,  The e a r l y  

model i s  descr ibed  i n  References 15-19 and t h e  ex tens ion  
i n  References 20 and 21. 

The t h e o r y  i n  i t s  p re sen t  form most c l o s e l y  models rocke t  engines  em- 
. p l o y i n g  s i n g l e  axial  p e r f o r a t i o n  g r a i n s  wi th  l a r g e  p o r t - t o - t h r o a t  a r e a  r a t i o s  

and which a r e  i g n i t e d  by gas-producing i g n i t e r s  l oca t ed  i n  t h e  forward end of 
t h e  r o c k e t  engine.  However, t h e  theory  i s  capable  of d e a l i n g  wi th  c e r t a i n  
p o r t i o n s  of t h e  t h r u s t  t r a n s i e n t  for a much wider range of r o c k e t  engines ,  
and ways can be seen  f o r  extending it even tua l ly  t o  cover t h e  e n t i r e  t r a n s -  
i e n t  . t 

i: 
V e r i f i c a t i o n  of Model: 2-D Motor F i r i n g s  

Compared wi th  Computer P r e d i c t i o n s  

P a r a l l e l  t o  t h e  t h e o r e t i c a l  development, an ex tens ive  exper imenta l  pro- 
gram was c a r r i e d  ou t  t o  t e s t  t h e  v a l i d i t y  of t h e  model. The major p a r t  of 
t h i s  program cons i s t ed  of f i r i n g s  of  a two-dimensional motor which employed 
a gaseous i g n i t e r  l oca t ed  a t  t h e  forward end of t h e  g r a i n o  The d e t a i l s  of 
t h i s  motor a r e  g iven  i n  Figure 1. The p r o p e l l a n t  w a s  an unaluminized AP-PBAA 
composition. The equ i l ib r ium chamber p r e s s u r e s  ranged up t o  500 p s i a .  The 
o v e r a l l  i g n i t i o n  t r a n s i e n t  from f i r s t  a p p l i c a t i o n  of t h e  i g n i t e r  u n t i l  e q u i l i -  
brium ope ra t ing  cond i t ions  a r e  reached was t y p i c a l l y  200 msec i n  du ra t ion .  
These experiments included t h e  measurement of i g n i t e r  and motor p re s su re  wi th  
f a s t  response gauges,  h igh  speed photographic  obse rva t ion  of flame i n i t i a -  
t i on  and flame spreading ,  and t h e  measurement of h e a t  t r a n s f e r  r a t e s  a t  va r -  
i o u s . p a r t s  of t h e  g ra in .  
of t h e  p h y s i c a l  model. 

The r e s u l t s  t o  d a t e  have v e r i f i e d  t h e  main f e a t u r e s  

The p re l imina ry  r e s u l t s  suggested the  need f o r  f u r t h e r  exper imenta l  in -  r 
f v e s t i g a t i o n  of t h e  h e a t  t r a n s f e r  between the  flowing i g n i t e r  and combustion 

g a s e s  and the  p r o p e l l a n t  su r f ace .  The re f inements  made t o  d a t e  are presented  
i n  F igure  1. Although t h e s e  r e s u l t s  can not  be considered t h e  u l t i m a t e  des-  i 

i c r i p t i o n  of  t h e  h e a t  t r a n s f e r ,  they appear t o  be s u f f i c i e n t l y  a c c u r a t e  t o  ; 

permi t  r easonab le  agreement between t h e  t h e o r e t i c a l  p r e d i c t i o n s  and t h e  ex- 
t 
i 

i per imen ta l  tes t  f i r i n g s ,  as w i l l  be seen  below. 
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The exper imenta l  t e s t  f i r i n g s  inc luded  i n  t h i s  paper  c o n s i s t  o f  t h r e e  
series. I n  each s e r i e s  a s i n g l e  exper imenta l  parameter  w a s  s y s t e m a t i c a l l y  
v a r i e d  w i t h  a l l  o t h e r  parameters  he ld  cons t an t .  I n  S e r i e s  A t h e  exhaus t  
nozz le  w a s  v a r i e d ,  i n  S e r i e s  B the i g n i t e r  d u r a t i o n  w a s  v a r i e d ,  and i n  S e r i e s  
C t h e  i g n i t e r  mass flow r a t e  w a s  v a r i e d  wi th  t h e  t o t a l  i g n i t e r  m a s s  h e l d  con- 
s t a n t .  These ser ies  a r e  summarized i n  Table I, 

The p r e s s u r e  t r a n s i e n t s  f o r  Series A are shown i n  F igu re  2 .  The agree-  
ment between t h e  t h e o r e t i c a l  p r e d i c t i o n s  and t h e  exper imenta l  t e s t  f i r i n g s  
is i l l u s t r a t e d  i n  F igu res  3 and 4. Figure  3 i s  t y p i c a l  of t h e  good agree-  
ments t h a t  have been ob ta ined  and F igure  4 r e p r e s e n t s  t h e  g r e a t e s t  l a c k  of 
agreement seen  so f a r .  The agreement between theory  and experiment f o r  a l l  
o f  t h e  t e s t  f i r i n g s  i n  S e r i e s  A and B was  w i t h i n  t h e s e  l i m i t s .  

The i n t e r e s t i n g  r e s u l t s  o f  S e r i e s  A and B a r e  d i s c u s s e d  below, 

It can  be e a s i l y  shown t h a t  f o r  t h e  h e a t  t r a n s f e r  c o r r e l a t i o n  used 
( N u ~ w R ~ ~ ~ . ~ ) ,  t h e  r i s e  i n  su r face  tempera ture  of t h e  p r o p e l l a n t  i s  propor-  
t i o n a l  t o  (A. Thus it can  be 
seen t h a t ,  ai!Eough a g iven  i g n i t e r  may c o n t a i n  enough t o t a l  mass f o r  a suc- 
c e s s f u l  i g n i t i o n  t r a n s i e n t ,  i f  i t  i s  f i r e d  a t  t o o  low a mass r a t e  of f low, a 
mi s f i r e  o r  a h a n g f i r e  may occur.  S e r i e s  C (F igure  6 )  demonst ra tes  t h a t  i n -  

) O o 3 ,  f o r  a n  i g n i t e r  of  c o n s t a n t  t o t a l  mass. 

' t e r e s t i n g  type  of hangf i re .  # 

S e r i e s  C c o n t a i n s  a l s o  an i n t e r e s t i n g  p r e s s u r e  overshoot .  The p r e s s u r e  
ove r shoo t s  s een  i n  S e r i e s  A and B (F igures  2 and 5) and F i r i n g  C - 1  (F igure  6 )  
are due t o  extended i g n i t e r  du ra t ions .  The overshoot  observed i n  F i r i n g  C-4  
(F igure  6)  i s  due t o  t h e  prehea t ing  i n  depth  of t h e  u n i g n i t e d  p o r t i o n  of t h e  
p r o p e l l a n t  dur ing  the long d e l a y  between t h e  s t a r t  o f  i g n i t e r  f i r i n g  and t h e  
f i n a l  r a p i d  phase of  flame spreading.  The thermal  wave i n  t h i s  c a s e  has  
p e n e t r a t e d  f a r  enough i n t o  t h e  s o l i d  so  t h a t  t h e r e  i s  a l a y e r  of  p r o p e l l a n t  
which burns wi th  an inc reased  r a t e  due t o  t h e  h ighe r  i n i t i a l  temperature  of 
t h e  p r o p e l l a n t ,  The inc reased  burning rate of t h i s  t h i n  l a y e r  r e s u l t s  i n  a 
p r e s s u r e  overshoot .  

S e r i e s  C a l s o  demonst ra tes  a t  l e a s t  one l i m i t  o f  t h e  t h e o r e t i c a l  model. 
As is  seen  i n  F igu re  6 s u i t a b l e  p r e d i c t i o n s  can  be made f o r  t h e  more "normal" 

q u a l i t y  of  t h e  p r e d i c t i o n s  degenera tes  a l though t h e  c o r r e c t  t r e n d s  a r e  pre-  
d i c t e d  as seen  f o r  F i r i n g  C-2. This can  be a t t r i b u t e d  t o  several  f a c t o r s  no t  
i nc luded  i n  t h e  p r e s e n t  model. The s imple i g n i t i o n  c r i t e r i o n  used i n  t h e  

' a n a l y s i s  is that the p r o p e l l a n t  is  c o r n p l e t e l ~ ~  -I i n e r t  ~ n t i l  a c r i t i c a l  i g n i t i o n  
tempera ture  i s  suddenly reached.  
cess t h a t  have been l ea rned  through e x t e n s i v e  work i n  t h i s  l a b o r a t o r y  and 
elsewhere.  I n  p a r t i c u l a r ,  i t  ignores  t h e  p o s s i b l e  c o n t r i b u t i o n  of  exothermic 
s u r f a c e  decomposition t a k i n g  p lace  b e f o r e  t h e  e f f e c t i v e  i g n i t i o n  tempera ture  
is reached. This  would conve r t  a slow flame sp read ing  p rocess  t o  a r a p i d  
one. This  a s p e c t  of t h e  problem r e q u i r e s  f u r t h e r  s tudy  t o  i d e n t i f y  t h e  
active process ,  e i t h e r  s u r f a c e  hea t  g e n e r a t i o n  o r  something else. 

' runs l i ke  C-1. However, f o r  i n c r e a s i n g l y  margina l  i g n i t i o n  s i t u a t i o n s  t h e  

Th i s  i gnores  t h e  d e t a i l s  o f  t h e  i g n i t i o n  pro-  

2 



Appl i ca t ion  of P r e d i c t i o n  Method 
t o  Practical  Motor C o n f i m r a t i o n s  

. 

Experimental  t e s t  f i r i n g s  were c a r r i e d  o u t  a l s o  f o r  several r o c k e t  en- 
g i n e s  of more p r a c t i c a l  c o n f i g u r a t i o n  than  the  two-dimensional motor. The 
f i r s t  s e t  o f  experiments  involved l a b o r a t o r y - s i z e  r o c k e t  motors w i t h  a s o l i d  
p r o p e l l a n t  i g n i t e r  l oca t ed  a t  t h e  forward end of  t h e  motor 25. The i g n i t e r  
used a CMDB type  p r o p e l l a n t .  The motor g r a i n s  were an  AP-PBAA unaluminized 
composition. The p r o p e l l a n t  charges  weighed up t o  0.33 l b s .  Various hol low 
c y l i n d e r  and star shaped g r a i n  des igns  were f i r e d .  Companion p r e d i c t i o n s  
were made f o r  t h e s e  t e s t  f i r i n g s ,  u s ing  t h e  same equa t ions  and h e a t  t r a n s f e r  
c o r r e l a t i o n  developed f o r  t h e  two-dimensional motor desc r ibed  above. The 
q u a l i t y  o f  t h e  p r e d i c t i o n s  can be judged i n  F igu re  7 ,  which compares t h e  ex- 
pe r imen ta l  and t h e o r e t i c a l  cu rves  f o r  a star g r a i n  motor. Although t h e r e  is 
good agreement between t h e  t h e o r e t i c a l l y  p r e d i c t e d  and exper imenta l  t r e n d s ,  
t h e  e l i m i n a t i o n  of  t h e  c o n s i s t e n t  d i f f e r e n c e s  observed would r e q u i r e  d e t a i l e d  
s t u d y  of  t h e  h e a t  t r a n s f e r  a long  the  p o i n t s  of t h e  s tar  and c o r r e c t i o n s  f o r  
o t h e r  th ree-d imens iona l  e f f e c t s .  Th i s  has  not  been done. 

The second s e t  of experiments w i t h  p r a c t i c a l  c o n f i g u r a t i o n s  invo lves  a 
r o c k e t  engine developed by t h e  Frankford Arsenal.  This  engine  has  a hol low 
c y l i n d r i c a l  g r a i n  of  a n i t r o c e l l u l o s e  c lass  p r o p e l l a n t  t ape red  a t  both ends 
t o  produce n e u t r a l  burning,  The charge weighs 2.8  lbs .  and t h e  f i r i n g  dura-  

which acts by d i r e c t  p a r t i c l e  impingement on t h e  g r a i n  t o  achieve  i g n i t i o n .  
Th i s  is obvious ly  d i f f e r e n t  from the  p r e s e n t  t h e o r e t i c a l  model. 

. t i o n  is  approximately 9 sec ,  It uses an i g n i t e r  of magnesium and t e f l o n  

However, i t  i s  a n t i c i p a t e d  t h a t  t h e  i n t e r v a l  between i g n i t e r  i n i t i a t i o n  
and f u l l  i g n i t e d n e s s  of t h e  p r o p e l l a n t  s u r f a c e  w i l l  be s m a l l  and t h a t  u s e f u l  
p r e d i c t i o n s  of  t h e  subsequent  dynamic p res su re  r i se  can be made. 

F i n a l l y ,  t h e  t h e o r y  has  been t e s t e d  on t h e  120-inch r o c k e t  motor used on 
t h e  T i t a n  1 1 1 - C  Booster. The i g n i t i o n  t r a n s i e n t  of t h e  120-inch motor ( f i v e  
segments) has  been publ i shed  (Ref. 26), and enough informat ion  i s  a v a i l a b l e  
on t h e  engine des ign  t o  permit  approximate c a l c u l a t i o n s  of  t h e  i g n i t i o n  t r a n s -  
i e n t  on t h e  b a s i s  of t h e  p r e s e n t  theory.  Desp i t e  a l a r g e  number of uncer-  
t a i n t i e s  i n  t h e  a v a i l a b l e  informat ion  and important  d e p a r t u r e s  from t h e  pre-  
s e n t  model, t h e r e  i s  r easonab le  agreement between t h e  p r e d i c t e d  and measured 
t r a n s i e n t s .  

Pa rame t r i c  Computer Study of I g n i t i o n  System Design 

The exper imenta l  program desc r ibed  above has  demonstrated t h e  g e n e r a l  
v a l i d i t y  of t h e  t h e o r e t i c a l  model and i t s  a b i l i t y  t o  p r e d i c t  w i t h  r easonab le  
accuracy  t h e  behavior  of t h e  i g n i t i o n  t r a n s i e n t  f o r  normal s i t u a t i o n s  and a t  
least t h e  c o r r e c t  t r e n d s  f o r  marginal  cases l ead ing  t o  h a n g f i r e s  and m i s f i r e s .  
T h i s  evidence lends  credence t o  t h e  computer s tudy  of  i g n i t e r  des ign  g iven  be- 
low. 
o f  p r e s s u r e  overshoot ,  i g n i t i o n  shock and several types  of  h a n g f i r e s  and m i s -  
f i res  have been explored  and cha rac t e r i zed .  

By sys t ema t i c  v a r i a t i o n  o f  i g n i t e r  and motor parameters ,  t h e  phenomena 

Before cons ide r ing  t h i s  s e r i e s  of c a l c u l a t i o n s  i t  w i l l  be b e n e f i c i a l  t o  
examine c e r t a i n  c h a r a c t e r i s t i c s  common t o  a l l  t h e  c a l c u l a t i o n s .  As seen  i n  
F i g u r e  8 t h e  i n i t i a l  c o n d i t i o n s  a t  t h e  beginning  of t h e  i g n i t e r  f i r i n g  are 
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0 Pc= 15 p s i a ,  t h e  ambient p re s su re ,  and Tg=2600 K ,  t h e  i g n i t e r  gas  temperature .  
The p r e s s u r e  begins  t o  r i s e  due to  t h e  square wave onse t  of t h e  i g n i t e r  f low 
rate, The gas  tempera ture  r i s e s  due t o  t h e  compression, but  as t h e  p r e s s u r e  
r eaches  i t s  p r e - i g n i t i o n  equ i l ib r ium va lue  , t h e  temperature  r e t u r n s  t o  i t s  
i n i t i a l  va lue .  As t h e  forward p a r t  o f  t h e  g r a i n  becomes i g n i t e d ,  t h e  pre-  
s u r e  begins  t o  r i se  and t h e  temperature dec reases  as the  c o o l e r  combustion 
gas  of  t h e  p r o p e l l a n t  mixes wi th  the  i g n i t e r  gas. 

When 30% of t h e  g r a i n  has  been i g n i t e d ,  t h e  i g n i t e r  j s  c u t  o f f ,  as 
planned f o r  t h e  s e r i e s ,  caus ing  a d i scon t inuous  change i n  t h e  m a s s  f low ra te ,  
The h e a t  t r a n s f e r  t o  t h e  p r o p e l l a n t  s u r f a c e  and the  p re s su re  i n  t h e  chamber 
thereupon dec rease  momentarily. This  causes  a d iscont inuous  change i n  t h e  
flame spreading  r a t e o  However, as  t he  flame spreading  con t inues  t h e  pre-  
s u r e  r ises s h a r p l y  a g a i n o  The chamber gas  temperature  r i s e s  s imul taneous ly  
due t o  the  compression, bu t  t h e  r i s e  i s  slowed by t h e  a d d i t i o n  of t h e  c o o l e r  
p r o p e l l a n t  combustion gases .  

When flame spreading  i s  completed, a process  of feedback ensues whereby 
t h e  p r e s s u r e  i n c r e a s e s , - t h u s  inc reas ing  t h e  burning ra te ,  and the reby  sending  
more m a s s  i n t o  t h e  chamber t o  f u r t h e r  i n c r e a s e  t h e  p r e s s u r e o  I n  t h i s  manner 
e q u i l i b r i u m  c o n d i t i o n s  are reached i n  t h e  chamber. 

S i x  sets of  t h r u s t  t r a n s i e n t s  have been analyzed i n  t h i s  computer s tudy.  
The s i x  sets r e p r e s e n t :  (1) a s e r i e s  w i t h  v a r i o u s  i g n i t e r  f low r a t e s  rang- 
ing  from 2.1 x t o  107 x l b s / s e c / i n 2 ,  F igure  9 ;  (2)  a s e r i e s  w i t h  
v a r i o u s  r o c k e t  nozz le  t h r o a t  a r e a s ,  F igure  10;  (3)  a s e r i e s  w i th  v a r i o u s  
p o r t  c r o s s - s e c t i o n  a r e a s ,  F igure  11; (4) a series wi th  excess ive  i g n i t e r  dur -  
a t i o n s  t o  demonstrate  p r e s s u r e  overshoots ,  F igure  12; (5) a s e r i e s  w i t h  ab- 
normally low i g n i t e r  burning r a t e s  t o  demonstrate  t he  p o s s i b i l i t i e s  of hang- 
f i r e s ,  F igure  13; (6) a s e r i e s  with c a l i b r a t e d  f r a n g i b l e  diaphragm c l o s u r e s  
fo r .  t h e  main motor exhaust  nozzle  t o  t e s t  t h e i r  e f f i c a c y  i n  producing prompt 
t h r u s t  rises, F igu re  14. 

A few of t h e  more i n t e r e s t i n g  r e s u l t s  of  t h e  computer s tudy  and of t h e  
exper imenta l  f i r i n g s  d isp layed  e a r l i e r  can be summarized as fol lows.  Inc reas -  
i n g  t h e  i g n i t e r  mass flow rate  decreases  t h e  induc t ion  time t o  f i r s t  i g n i t i o n  
and i n c r e a s e s  t h e  r a t e  of flame spreading.  This  i s  due t o  t h e  inc reased  h e a t  
f l u x  t o  t h e  p r o p e l l a n t  sur face .  The i n d u c t i o n  i n t e r v a l  i s  r e l a t i v e l y  inde-  
pendent  of  t h e  magnitude of t he  exhaust  nozz le  area, i f  o t h e r  t h i n g s  a r e  h e l d  
f ixed .  Decreasing t h e  p o r t  c r o s s - s e c t i o n a l  area dec reases  t h e  t i m e  t o  r each  
e q u i l i b r i u m  o p e r a t i n g  c o n d i t i o n s ,  i.e., s t eepens  t h e  rate of  rise. The m a x i -  
mum p r e s s u r e  overshoot  above t h e  f i n a l  e q u i l i b r i u m  value i n c r e a s e s  with. i n -  
c r e a s i n g  i g n i t e r  mass flow rate. 

The maximum r a t e  o f  r i s e  of p r e s s u r e  i n  t h e  chamber i s  found t o  occur  a t  
t h e  beginning of  t h e  chamber f i l l i n g  i n t e r v a l ,  bu t  i t  depends a l s o  on t h e  
chamber p r e s s u r e  a t  t h e  end of flame spreading  and hence on t h e  r a t e  of flame 
spreading.  In p a r t i c u l a r ,  t h e  maximum r a t e  of r i s e  of p r e s s u r e  (which occurs  
af ter  flame spreading  i s  complete) can  be reduced by ar ranging  c o n d i t i o n s  t o  
slow down t h e  r a t e  of flame spreading.  I n c r e a s i n g  t h e  i g n i t e r  f low r a t e ,  de- 
c r e a s i n g  t h e  p o r t  c r o s s - s e c t i o n a l  area and dec reas ing  t h e  nozz le  a r e a  a l l  in -  
crease t h e  max imum r a t e  of r i s e  of p re s su re .  

It was  found, as expec ted ,  t h a t  a c l o s u r e  of t h e  exhaus t  nozz le  t h a t  
r u p t u r e s  a t  some mid-pressure has t ens  t h e  r ise t o  f u l l  p ressure .  
i t  was  observed t h a t  t h e  e f f e c t  was much smaller than  i s  popu la r ly  supposed 
i n  t h e  r o c k e t  des ign  f i e l d .  

However, 
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Conclusions;  Problems f o r  Future  Work 

In  conc lus ion ,  i t  seems t h a t  t h e  mechanism of flame sp read ing  f o r  a 
s i n g l e  p e r f o r a t i o n  r o c k e t  g r a i n  i g n i t e d  a t  t h e  forward end i s  w e l l  enough 
understood t o  produce u s e f u l  des ign  p r e d i c t i o n s  of t h r u s t  t r a n s i e n t s .  It i s  
now a p p r o p r i a t e  t o  t a c k l e  more d i f f i c u l t  (and more p r a c t i c a l )  classes of  de- 
s i g n :  s m a l l  p o r t - t o - t h r o a t  area r a t i o s  (h igh  volumetr ic  l oad ing) ;  g a s - l e s s  
i g n i t e r s  ( so -ca l l ed )  o r  i g n i t e r s  wi th  i n t e n s e  r a d i a t i o n ;  mu l t i -pe r fo ra t ed  
g r a i n s ;  a f t  end i g n i t i o n ;  complex g r a i n  p e r f o r a t i o n s  and f low channe l s ;  etc.  
Such i n v e s t i g a t i o n s  are f o r  t h e  fu tu re .  
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TABLE I 

I G N I T I O N  TRANSIENT FIRING EWERIMBNTS 

Object :  To compare computer p r e d i c t i o n s  of 
P ( t )  w i th  f i r i n g  t r a c e s .  

-3 
S e r i e s  A: Fixed I g n i t e r  Flow (Aign = 18 x 10 

Fixed I g n i t e r  Dura t ion  (140 msec), 
Exhaust Nozzle Sys temat ica l ly  Varied. 

lbm/sec),  

A-1: dt=.170 inches  
A-2 : =.189 inches  
A-3: =.219 inches  

S e r i e s  B: Fixed I g n i t e r  Flow (mi =18 x loW3 lbm/sec), 
Fixed Exhaust Nozzle &=.189 in.) , 
I g n i t e r  Durat ion Sys temat ica l ly  Varied.  

t i g n  =time between opening and c l o s i n g  of i g n i t e r  f low va lves .  

B-1: t =140 msec 
B-2 : ign=116 msec 
B - 3  : =lo0 msec 

S e r i e s  C: Fixed Exhaust Nozzle (dt=.189 i n . )  -3 
Fixed T o t a l  I g n i t e r  Mass (mign)TOT=1.44 x 10 lbm, 
I g n i t e r  Flow Sys tema t i ca l ly  Varled. 

-3 C-1: nb. =18.00 x lbm/sec 
c-2 : lgn=13.41 x lbm/sec 
c-3 : = 9.15 x lbm/sec 
c-4: = 4.89 x 10 lbm/sec. 
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TABLE 11 

TABLE OF S’iNBOLS FOR TLLUSTMTIONS 

I 
= dianietcr  of exhaus t  nozzie. 

dt  

m = i g n i t e r  mass flow r a t e .  
i gn 

P = notidimens i o n a l  chamber p re s su re  

pc = instnntar icous chamber p rc s su re  = - r c q u i  l ibriurn chamber p r e s s u r e  
eg 

S = noiidinicnsional a r e a  burn ing  

= i n s t an taneous  burning area 
t o t a l  a v a i l a b l e  burn ing  a r e a  

T I: iiondimc i ona 1 chamber temp era  t u r e  

eous chamber temperature  
p r o p e l l a n t  a d i a b a t i c  flame temperature  

= nondimensional t i m e  

= time 
t*, t h e  c h a r a c t e r i s t i c  r e s idence  t i m e  

. 
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Figure 1 Schematic Drawing of Experimental Rocket Motor and 
Experimental Heat Transfer Correlations 
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F;gure 2 Series A - Effect of Varying Exhaust Nozzle Area 
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FIRING A-2 
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AlGNlTER FLOW CUT-OFF 
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Fiqure 3 Typical Good Agreement Between Theory and Experiment 
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BIGNITER FLOW CUT-OFF 
1 0 0 . .  0 FLAME SPREADING COMPLETE 

TIME F R W  OPENING OF IGNITER VALVES, M SEC. 
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Fiqure 4 Typical Greatest  Lack of Agreement Between 
Theory and Experiment 
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OVERSnOOT DUE TO PREHEATING 06, 
PROPELLANT BED IN DEPTH 2 

. 

A IGNITER FLOW CUT-OFF - LXPERIUOCTM 

I 
TIME FROM OPENING OF IGNITER VALVES, M SEC. 

I I 1 
500 600 300 400 Of3 1 0 0  200 

Figure 5 Series B - Effect of Varying Igniter Duration 

Figure 6 Series C - Effect of Varying Igniter Flow Rate 
with the Total Igniter Mass Constant 
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Figure 7 Cornparision of Theory and Experiment for  a 
Typical Star Grain Rocket Motor 
S E R I E S  A - FMED ROCKET GEOHETRY 

VARIOUS IGNITER n O W  RATES 
F I R I N G  A-3 lir = 10.0 x l b m / s t c  
g IGNITER FL% CUT-OFF 

S E R I E S  A - FMED ROCKET GEOHETRY 
VARIOUS IGNITER n O W  RATES 
F I R I N G  A-3 lir = 10.0 x l b m / s t c  
g IGNITER FL% CUT-OFF 
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Figure 8 A Typical Theoretical Prediction 
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SGR:ES A - I("CKET GECIYETRY 
VARIOUS IGNITER FLOW RATES 
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@ F i r s t  F l a m e  on G r a i n  F i r i n g  
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Fiqure 9 Theoretical ly  Predicted E f f e c t  of 
Varying Igni ter  Flow Rate 
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S E R I E S  & - F I X E D  ROCKET THROAT A R E A  
F I X E D  I G N I T E R  MASS FLOW RATE 
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Figure 10 Theoretical ly  Predicted E f f e c t  of Varying P o r t  Area 
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SERIES C - FIXP) ROCKET PORT AREA 
FIXED I G N I T E R  MASS FLOW PATE 
VARIOUS ROCKET THROAT AREAS 

O F I R S T  FLAME APPEARS ON GRAIN 
V IGNITER FLOW CUT-OFF ( S I . :) 
O G R j \ I N  F l l L S  I C R I T E D  
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J 0.191 " 
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Fiqure 11 Theoret ica l ly  Predicted E f f e c t  of 
Varying Exhaust Nozzle Area 

T W  moll START OF IGNITER ( t? units) 

Fiqure 12 Theoret ica l ly  Predicted E f f e c t  of 
Varying Ign i ter  Duration 
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SERIES E - FIXE= X X K E T  GEOMETRY 
FIXED TOTAL I G N I T E R  MASS 
VARIOUS I G N I T E R  FLOW RATES 

Q F I R S T  ON GRAIN 
V I G N I T E R  FLOW CUT-OFF 
O G R A I N  FULLY I G N I T E D  
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Figure 13 Theoretically Predicted Effect of 
Varying Igni te r  Flow Rate with 
Total Ign i te r  Mass Constant 

S E R I E S  F- PARTIAL NOZZLE CLOSURES 
F I X =  IGNITER MASS FLOW RATE 
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Fiqure 14 Theoretically predicted Effect  of 
Frangible Par t ia l  Nozzle Closures 
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